1. Introduction {#sec0005}
===============

The *Coxsackieviruses* group B consist of six serotypes are members of the genus *Enterovirus* within the *Picornaviridae* viral family ([@bib0065], [@bib0150], [@bib0135], [@bib0090]) that are associated with a wide spectrum of human illness ranging in severity from subclinical infection to rapidly fatal disease, with symptoms as diverse as acute myocarditis, bornholm disease (epidemic pleurodynia), aseptic meningitis, encephalitis, and febrile illness ([@bib0150]). *Coxsackievirus B3* (CVB3) has been recognized as the predominant cause of viral myocarditis in humans, which accounts for more than fifty percent viral myocarditis cases ([@bib0160]). The mechanisms of viral myocarditis include direct myocyte injury and subsequent immune-mediated damage of the heart ([@bib0220]). The CVB3 genome is 7400 nucleotides in length and consist a positive single stranded RNA flanked by non-translated regions that encodes 11 proteins within a single open reading frame ([@bib0110], [@bib0180], [@bib0185], [@bib0050]). The positive genomic RNA of *Enterovirus* can be employed directly as an mRNA template for translation of a single polyprotein that processed into 11 mature proteins. Also genomic RNA is employed as a template for viral RNA transcription and synthesizes more copies of genomic RNA by a negative-strand intermediate RNA ([@bib0010], [@bib0215], [@bib0190], [@bib0020]). The viral genome is packaged in a naked capsid approximately 29 nm in diameter ([@bib0045]). The capsid of CVB3, like that of other *Enteroviruses*, is composed 60 copies each of four viral polypeptides known as VP1 to VP4 ([@bib0095], [@bib0205], [@bib0080]). Between all capsid proteins, VP1 is the most external capsid proteins and is the main part in structural of the canyon on the surfaces of *Picornavirus*, and potentially implicated for pathogenicity of these viruses ([@bib0030], [@bib0205]). Moreover, genetic diversity at VP1 is closely associated with the difference in viral serotypes ([@bib0205]) and often used as a target for molecular detection of *Picornavirus* viral family ([@bib0210], [@bib0120], [@bib0195], [@bib0025], [@bib0040]).

On the other hand, reverse transcription − polymerase chain reaction (RT-PCR) has developed as a common diagnostic method for identification of the infectious agents ([@bib0200], [@bib0035]). One advantage of RT-PCR is the usage of this method in comparative studies and diagnosis that could be increase the yield of *Enteroviruses* detection in tissue culture ([@bib0035]). But RT-PCR based nucleic acid detection can be time-consuming and requires highly pure RNA extracted which is difficult and impurity in sample can cause effects of inhibitors on PCR sensitivity ([@bib0140], [@bib0145], [@bib0060]). Loop-mediated isothermal amplification (LAMP) is an alternative isothermal nucleic acid amplification method that has developed by [@bib0130]. Also, reverse transcription LAMP (RT-LAMP) assay which is carried out in a single tube is a simple, high specific, rapid, and cost-effectiveness method ([@bib0225]). Less time-consuming of RT-LAMP than conventional PCR-based methods has been used successfully for rapid detection of pathogenic RNA viruses such as *Enteroviruses* ([@bib0005], [@bib0070], [@bib0075], [@bib0165], [@bib0120], [@bib0210], [@bib0225], [@bib0230], [@bib0025], [@bib0040], [@bib0080], [@bib0235], [@bib0195]) and less prone to inhibit from impurity of template sample ([@bib0015], [@bib0085], [@bib0175], [@bib0115], [@bib0060]). The RT-LAMP assay is very specific in compared to other molecular detection methods, because in this method four primers are used to recognize six specific regions of the target gene for amplification ([@bib0225]).

In this study, we have developed a one-step RT-LAMP assay for CVB3 detection by designing the specific primers based on the VP1 gene.

2. Materials and methods {#sec0010}
========================

2.1. Primer design {#sec0015}
------------------

RT-LAMP specific primers were designed according to the CVB3 genomic sequence (VP1 gene) in GenBank (Accession No: [JX312064](ncbi-n:JX312064){#intr0010}) using software PrimerExplorerV4 ([Table 1](#tbl0005){ref-type="table"} ). For this, we used multiple sequence alignment by MEGA6 (Molecular Evolutionary Genetics Analysis Version 6.0) software and find the consensus sequences of VP1 from CVB3 for primer design (data was not shown).Each set of primers contained two external primers (F3 and B3), and two internal primers (FIP and BIP). The BIP and FIP included a TTTT spacer between the B1/B2c sequences, and F1c/F2 sequences ([Fig. 1](#fig0005){ref-type="fig"} ).Table 1RT-LAMP specific primers.Table 1PrimerSequenceF3GGAGAGTTGCGGATACCGTB3ATACCGCTTGGCACCTGAFIPGTGACGTGTGACCCGTCTCAGTTTTAGGGCCAACCAACTCAGABIPTGCAGACACGCCACGTTAAGAATTTTTACACGCATGCTGACCTACAFig. 1Locations of primer-binding sequences (CVB3 strain Nancy, GenBank accession no. [JX312064](ncbi-n:JX312064){#intr0005}).Fig. 1

2.2. Viral culture and RNA extraction {#sec0020}
-------------------------------------

RPMI 1640 medium supplemented with 10% FBS was used for growth and maintenance of HeLa cell cultures. Cells at 90% confluency were infected with CVB3 (Nancy strain) in a medium containing 1% FCS. After 24 h and observed complete cytopathic effect (CPE), the infected-HeLa cells were harvested at 5000 rpm for 5 min. The cell sediment was used for total RNA extraction. For this, after two cycles of freezing and thawing, total RNA was extracted using RNX reagent according to the manufacturers' instruction. The integrity of the extracted RNA was assessed by resolution on a 1% agarose gel and ethidium bromide staining. RNA samples were stored at −80 °C until amplification using RT- LAMP and RT-PCR detection.

2.3. RT-PCR assay {#sec0025}
-----------------

RT-PCR assay was carried out in a total reaction volume10 μl containing 1 μl of 10X PCR buffer, 1 μM each of primers B3 and F3, 2 mM of MgSO~4~, 1.5 mM of dNTP, 1 mM of DTT, 5 U of RNase inhibitor, 5 U of cloned AMV reverse transcriptase (Invitrogen), 2.5 U of Taq DNA polymerase, 10 μg of template RNA and RNase free deionized water. The reactions were incubated at 60 °C for 30 min, followed by initial denaturation at 94 °C for 4 min, 35 cycles of 94 °C for 45 s, 60 °C for 45 s and 72 °C for 45 s and a final extension at 72 °C for 5 min. RT-PCR procedure was carried out using an automated thermal cycler (Techgene, Germany) and all PCR products were analyzed by 1% agarose gel electrophoresis.

2.4. Optimized RT-LAMP assay {#sec0030}
----------------------------

The RT-LAMP temperature was optimized by incubating the RT-LAMP mixture at 56, 58, 60, 62 and 64 °C for 60 min. The Mg^2+^ ion concentration was optimized by adding MgSO~4~ at a final concentration of 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, or 12 mM to RT-LAMP mixture and incubating at 60 °C for 90 min. Also, the time of LAMP reaction was optimized by incubating the RT-LAMP mixture at 30, 60, 90 and 120 min.

2.5. The one step RT- LAMP assay {#sec0035}
--------------------------------

The CVB3 RT-LAMP assay was carried out in a total 12.5 μl-volume reaction containing 0.8 μM of the inner primers FIP and BIP, 0.1 μM of the outer primers F3 and B3, 1.4 mM dNTPs, 1.25 μl of 10X isothermal amplification buffer, 4 mM of MgSO~4~, 0.8 M of betaine, 4 U of Bst 2.0 DNA polymerase (New England Biolabs), 5 U of cloned AMV reverse transcriptase (Invitrogen), 1.25 μl of DTT (0.1 M), 0.4 μl of RNasin and 10 μg of target RNA. The mixture was incubated at 60 °C for 90 min and then heated at 80 °C for 10 min to stop of the reaction.

2.6. RT-PCR and RT-LAMP assays for artificially infected animals {#sec0040}
----------------------------------------------------------------

Eight Balb/c mice, aged 8 weeks, were divided into 2 same groups. The control group was inoculated with medium, while positive group was inoculated with 10^5^ plaque forming units (PFU) of the CVB3 via the intraperitoneal route (IP). After a week, a booster dose was used to inoculate again and 2 weeks later, samples were collected from heart, spleen, feces and blood for RNA extraction and then stored at −80 °C for RT-PCR and RT-LAMP analyses.

2.7. Specificity and sensitivity of RT-PCR and RT-LAMP assays {#sec0045}
-------------------------------------------------------------

The specificity of RT-PCR and RT-LAMP assay was determined by CVB3 and some serotypes of genus *Enteroviruses* include of *Coxsackievirus* A16, *Echovirus* and *Rhinovirus*. Also in order to evaluate the sensitivity of RT-PCR and RT-LAMP assay for detection of CVB3, 7 concentrations of RNA from 10 μg/μl to10 autogram/μl were prepared and used as a template for RT-PCR and RT-LAMP assay. On the other hand, 11-fold serial dilution of CVB3 that has a defined TCID50 titer (per ml), were used for RNA extraction, then, extracted RNA used as template for RT-LAMP assay. Finally, the amplified DNA was analyzed using 2% agarose gel electrophoresis.

2.8. Analysis of RT-LAMP products {#sec0050}
---------------------------------

To visualize the RT-LAMP products two methods were used: (1) Amplicon was analyzed by running 3 μl of the amplified product on a 2% agarose gel and ethidium bromide staining for 60 min at 60 V in 1X TAE (Tris Acetic acid EDTA) buffer and visualized under a gel documentation system. (2) 4 μl of SYBR Green was added to 10 μl of amplified product and the tubes were then visualized under a UV irradiation source.

3. Results {#sec0055}
==========

3.1. Detection of CVB3 by RT-PCR assay {#sec0060}
--------------------------------------

RT-PCR detection was performed using F3/B3 and FIP/BIP primers. Amplification of 234 bp DNA (lane 1) and smear pattern (lane 2) fragments confirmed the CVB3 genome in total RNA extracted from the infected HeLa cells ([Fig. 2](#fig0010){ref-type="fig"} ).Fig. 2Analysis of RT-PCR product using 1% agarose gel electrophoresis. Lane 1: RT-PCR product using primers B3/F3, lane 2: RT-PCR product using primers BIP/FIP, lane M: 100 bp DNA leader.Fig. 2

3.2. Detection of CVB3 by RT-LAMP assay {#sec0065}
---------------------------------------

RT-LAMP detection was optimized by three factors: MgSO~4~ concentrations, temperature and the incubation time of RT-LAMP reaction. Reaction optimization was performed using MgSO~4~ different concentrations ranging from 2 to 12 mM and the best amplification was achieved using 4 mM MgSO~4~ ([Fig. 3](#fig0015){ref-type="fig"} ).Fig. 3Effect of MgSO~4~ concentrations on the RT-LAMP reaction: Lane 1: 2 mM, lane 2: 3 mM, lane 3: 4 mM, lane 4: 5 mM, lane 5: 6 mM, lane 6: 7 mM, lane 7: 8 mM, lane 8: 9 mM, lane 9: 10 mM, lane 10: 11 mM and lane 11: 12 mM MgSO~4~, lane 12: negative control and lane M: 100 bp DNA leader.Fig. 3

On the other hand, the effect of temperature on the RT-LAMP reaction was determined in 56, 58, 60, 62 and 64 °C. The data shown that 60 °C was better than other temperatures for amplification ([Fig. 4](#fig0020){ref-type="fig"} -A). Also, in order to determination of the optimum incubation time for RT-LAMP reaction, RT-LAMP amplification was performed in 30, 60, 90 and120 min. The results showed that RT-LAMP amplification is completed after 120 min ([Fig. 4](#fig0020){ref-type="fig"}-B).Fig. 4A) Effect of temperature on the RT-LAMP reaction: Lane 1: 56 °C, lane 2: 58 °C, lane 3: 60 °C, lane 4: 62 °C, lane 5: 64 °C and lane M: 100 bp DNA marker. B) Effect of incubation time on the RT-LAMP amplification: Lane 1: 30 min, lane 2: 60 min, lane 3: 90 min, lane 4: 120 min and lane M: 100 bp DNA leader.Fig. 4

3.3. Specificity of RT-PCR and RT-LAMP assays {#sec0070}
---------------------------------------------

According to use of four specific LAMP primers, the selectivity of RT-PCR and RT-LAMP assays shown that these techniques were highly specific for CVB3 detection. In conclusion RT-PCR and RT-LAMP results were negative for *Coxsackievirus A16*, *Echovirus* and *Rhinovirus* ([Fig. 5](#fig0025){ref-type="fig"} ).Fig. 5The specificity of RT-LAMP (A) and RT-PCR (B) was determined using some serotypes of genus *Enteroviruses*. Lane 1: *Coxsackievirus A16*, lane 2: *Echovirus*, lane 3: *Rhinovirus*, Lane 4: Coxsackievirus B3 (positive control), lane 5: without template (negative control) and lane M: 100 bp DNA leader.Fig. 5

3.4. Sensitivity of RT-PCR and RT-LAMP assays {#sec0075}
---------------------------------------------

In order to evaluate the sensitivity of RT-PCR and RT-LAMP detections of CVB3, we used 7 different concentrations of total RNA from 10 μg to 10 ag. The data shown that the sensitivity of RT-PCR and RT- LAMP were 10 pg and 100 fg, respectively. Therefore, the sensitivity of RT-LAMP assay was 100 fold higher than RT-PCR assay ([Fig. 6](#fig0030){ref-type="fig"} ). Also, sensitivity of RT-LAMP determined about 10 ^−2^ TCID~50~/ml ([Fig. 7](#fig0035){ref-type="fig"} ).Fig. 6Sensitivity of RT-LAMP (A) and RT-PCR (B) assays for CVB3 detection. 7 different concentrations of total RNA were prepared and used as template. Lane 1: 10 μg, lane 2: 100 ng, lane 3: 1 ng, lane 4: 10 pg, lane 5: 100 fg, lane 6: 1 fg and lane 7: 10 ag of total RNA, and lane M: 100 bp DNA leader.Fig. 6Fig. 7Sensitivity of RT-LAMP according to TCID~50~. 11 different TCID50/ml from CVB3 were used for RNA extraction and RT-LAMP assay. Lane 1: 10^6^, lane 2: 10^5^, lane 3:10 ^4^, lane 4: 10^3^, lane 5: 10^2^, lane 6: 10^1^, lane 7: 1, lane 8: 10^−1^, lane 9: 10^−2^, lane 10: 10^−3^ and lane 11: 10^−4^ TCID50/ml, lane M: 100 bp DNA leader.Fig. 7

3.5. RT-LAMP assay for artificially infected animals {#sec0080}
----------------------------------------------------

The RT-PCR and RT-LAMP detections of CVB3 were evaluated using Balb/C mice inoculated with 10^5^ PFU of CVB3. Samples from heart, spleen, feces and blood were collected two- weeks post-infection. According to [Fig. 8](#fig0040){ref-type="fig"} , amplification in infected samples confirmed presence of CVB3 RNA.Fig. 8RT-PCR (A) and RT-LAMP (B) detections for heart of infected mice (lane 1), un-infected mice (lane 2), spleen of infected mice (lane 3), un-infected mice (lane 4), feces of infected mice (lane 5), un-infected mice (lane 6), and blood of infected mice (lane 7), un-infected mice (lane 8).Fig. 8

4. Discussion {#sec0085}
=============

In this study, The CVB3 one-step RT-LAMP assay was developed and optimized at 60 °C for 90 min to amplify and detection of VP1 gene. We demonstrated in the normal and infected animal samples, RT-LAMP could be used for infected tissue detection. The identification of enteroviral-specific RNA sequences in myocardial patients is very important. CVB3 as a membrane from *Enteroviruse* is a major etiological agent in human myocarditis and idiopathic dilated cardiomyopathy ([@bib0160]). Several serological methods were used for *Enteroviruses* detection ([@bib0055]), but because of the disadvantages of these methods, the use of molecular techniques is more important. The LAMP method is an isothermal amplification technique for molecular detection of target DNA that was developed by [@bib0130]. Advantages of LAMP method are amplification takes place at one temperature so it does not require thermal cycler, and also in this assay four primers used that recognizes 6 specific regions on the target DNA, therefore amplification is more specific. The RT-LAMP assay has been developed for simple and fast detection of various RNA viruses such as pandemic *influenza A H1N1 Virus* ([@bib0105]), *coronavirus* ([@bib0170]), *Ebola Virus* ([@bib0100]) and some of other viruses. In recent years, several publications have been reported using the LAMP method for detection of bacterial pathogens or fungal contaminants ([@bib0125]).

Different diagnostic methods such as conventional RT-PCR, real-time RT-PCR and NASBA, have been used for detection of CVB3 ([@bib0200], [@bib0035], [@bib0155]). The sensitivity of the conventional RT-PCR has been established at approximately 1 to100 PFU of virus per gram of tissue ([@bib0160]), the sensitivity of NASBA similar to RT-PCR ([@bib0155]), and the sensitivity of the real-time PCR assay have been reported 100 copies per reaction for CVB3 ([@bib0035]). Most researchers that have developed RT-LAMP method for detection of *Enteroviruses* have shown that sensitivity of the RT-LAMP was approximately 10 copies per reaction that was 10-fold higher sensitive than RT-PCR ([@bib0070], [@bib0210], [@bib0235]).The RT-LAMP assay developed in this work and comparative analysis of RT-LAMP and RT-PCR sensitivity suggested that RT-LAMP was 100-fold higher sensitive than RT-PCR. Also due to the designing four primers that recognize six specific areas in target sequence, RT-LAMP assay has a high specificity, therefore cross- reactivity with other *Enterovirus* were not observed.

5. Conclusion {#sec0090}
=============

The CVB3 RT-LAMP detection developed in our study showed high sensitivity and selectivity in compared with RT-PCR. Also, the one-step CVB3 RT-LAMP assay for the first time evaluated in this work and could be used in clinical samples.
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